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As requirements related to vehicle fuel economy and emissions continue to
increase, automakers are developing complex hybrid powertrain control systems to meet
these requirements. With the increase in powertrain complexity and performance
requirements of a hybrid vehicle, embedded control systems have become an integral part
of these vehicles. A hybrid’s ability to recapture energy normally lost as heat during
braking situations can account for an increase in efficiency of up to 28%. This study
explores the use of a grade adaptive regeneration strategy for improving a hybrid
vehicle’s energy recapture capability. The concept of the grade adaptive regeneration
strategy was developed using a computer aided simulation model and then implemented
on the Mississippi State University Challenge X hybrid vehicle. The real-time
performance of the system was evaluated through chassis dynamometer and on-road
tests. Substantial improvements over the native hybrid control strategy, including fueleconomy and energy recapture, have been achieved.
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CHAPTER 1
INTRODUCTION

The United States is currently facing a fuel crisis in that 66% of the crude oil
consumed in the U.S. is imported. Additionally, the U.S. currently accounts for only 3%
of the world’s oil reserve, and there continues to be a growing concern related to the
amount of fuel supply remaining [1]. These issues are contributing to the increase in the
price of fuel and driving research in areas of advanced propulsion strategies and
alternative fuels. Short term solutions to the current oil crisis include advanced control
systems such as GM’s active fuel management system, full and mild-hybrid systems, and
development of plug-in all electric and range-extending vehicles [2]. As more advanced
vehicle architectures are developed the processing capability requirements of the
vehicle’s control systems increase.
With the increased processing capability the presence of advanced vehicle control
systems and strategies are becoming more prevalent. These systems range from hybrid
vehicle control, individual component control, such as intelligent alternator control, and
safety-critical stability control systems [2,3,4]. However, all of the above systems only
utilize information that is gathered directly from the vehicle components and do not
consider the change in the vehicle’s environment. Utilizing the additional processing
capability for sensing the vehicles environmental surroundings, such as grade, would
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enable the vehicle control systems to optimize its operation. This form of control system
would provide the most benefit to hybrid vehicles because of its ability to recapture and
reuse energy during normal driving conditions. The HEV’s controller would optimize its
regeneration strategy based on the excess energy available while the vehicle was on a
negative grade.

1.1.

Current Development in Hybrid Vehicle Powertrains
The additional processing power currently available in vehicle controllers enables

automobile makers to design more complex components to help improve the vehicle’s
overall efficiency. The 2008 GM 2-mode hybrid system is an example of the most recent
advancement in component technology. The benefit of the GM 2-mode system comes
from its utilization of two 60 kW electric motors integrated into the transmission.
Utilizing an electric motor that is directly connected to the engine’s output shaft, the
transmission can be operated as a continuously variable transmission at low speeds. At
high speeds, the electric motor is disengaged and the transmission operates as a fixed
gear ratio transmission. The change from a continuously variable to fixed gear
transmission is where the system gets name. The major advantages of the 2-mode system
that increase the vehicle’s fuel economy comes from its ability to provide all electric
drive up to 30 mph under light accelerations and perform regenerative braking when
stopping [2].
While the GM 2-mode system falls under the classification of a full-hybrid
system, some automotive makers are developing components that fall under the
classification of mild-hybrid systems. Mild-hybrid systems follow the concept of the full
hybrid systems with the ability to recapture energy while braking, but are limited in the
2

amount of propelling power they can supply [5]. Some mild-hybrid systems are equipped
with a device called a belted alternator starter (BAS). A BAS replaces the vehicles
alternator and functions as both an alternator and starter. Using a BAS the engine can be
shut down when the vehicle comes to a stop and instantly restarted as the driver begins to
accelerate [6].
With so much focus being placed on increasing vehicle efficiency, the U.S.
Department of Energy (DOE) and American based automobile maker GM have joined
together to help push the idea for the development of more fuel-efficient vehicles.
Together with the help of Argonne National Labs (ANL), they developed a universitybased design competition, Challenge X: Crossover to Sustainable Mobility, which
challenged college students in various engineering disciplines to redesign a vehicle to
achieve increased fuel efficiency and reduced emissions.
The Challenge X (cX) competition, which ended in May 2008, was composed of
seventeen university teams from North America. In the second year of competition, teams
were given a 2005 Chevrolet Equinox. Many of the teams took the opportunity to convert
their vehicle into a hybrid electric vehicle (HEV) with architectures ranging from
through-the-road parallel, power-split, and hydrogen fuel cell hybrids. All of the
previously mentioned vehicle architectures, excluding the hydrogen fuel cell, employ
both fuel-driven and electrically driven propulsion systems. This allows for the
incorporation of an energy storage system (ESS) that is capable of supplying energy to
the electric propulsion system as dictated by the vehicle control strategy. Mississippi
State University (MSU) was one of the seventeen universities selected to participate in
the cX completion.
3

The MSU entry into the cX competition was a through-the-road (TTR) parallel
hybrid architecture. The primary concept of the MSU cX vehicle was to harness the
excess energy that is typically wasted during braking events. This excess energy is stored
in a battery pack and is used during vehicle acceleration events. The MSU cX vehicle is
used as a test and development platform for the grade adaptive regeneration control
strategy presented in this study.

1.2.

Thesis Contribution and Organization
The goal of this thesis is to develop a control system that uses real-time tilt

measurements to optimize vehicle efficiency through energy recapture. The simulation
and development of the grade adaptive control strategy was conducted using the
Powertrain Simulation and Analysis Toolkit (PSAT™), and final testing of the control
strategy was conducted using the MSU cX vehicle. Tests of the grade adaptive
regeneration system were conducted using a 4-wheel ac chassis dynamometer and over
the road tests.
This study is divided into five sections. Chapter 2 outlines the motivation for the
development of a grade adaptive regeneration strategy emphasizing the increase in
microprocessor capability, federal emissions and fuel economy mandates, as well as
contributing factors of vehicle dynamics. Chapter 3 provides a discussion of the
challenges in the development of the grade adaptive system and highlights the component
used during implementation. Chapter 4 discusses the development and simulation of the
grade adaptive control system, with results collected during all phases of testing
presented in Chapter 5. Finally, Chapter 6 summarizes the test results and presents
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conclusions drawn from the study as well as provides suggestions for improvements that
may be made in the future.
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CHAPTER 2
LITERATURE REVIEW AND THEORY OF VEHICLE DYANMICS

With so much concern being placed on the development of more fuel efficient,
lower emission vehicles, many automakers are developing advanced propulsion systems
that utilize various fuel types and forms of energy storage systems. These systems are
controlled using microprocessors that enable them to be more responsive than
mechanically controlled systems and easily recalibrated for various vehicle platforms.
This enables the automaker to reduce the overall cost of the vehicle by utilizing similar
control strategies across different vehicle platforms. Additionally, the use of in-vehicle
communication networks provides the flexibility to distribute dedicated control
components throughout the vehicle that can be controlled by a central control module.
Figure 2.1 illustrates an example of the distributed control architecture described above
for a Volvo XC90 sedan [7].
Each of the blocks in Fig. 2.1 represents a distributed microprocessor system and
the lines represent the controller area network (CAN) bus used in the vehicle. The dashed
lines in Fig. 2.1 represent a low-speed communication bus while the solid lines represent
a high-speed communication bus. CAN communication is a serial communication
protocol that was designed specifically for automotive applications. The amount of data
transferred over the vehicle’s CAN bus significantly reduces the amount of wire needed.

6

Fig. 2.1.

Distributed Control Architecture for Volvo CX90 Sedan [7].

As seen from Fig. 2.1, the body controller electronic control unit (ECU) acts as a
gateway node translating between the high-speed and low-speed communication
networks. Additionally the body controller utilizes information from both communication
buses to develop actuation request that are passed over the appropriate communication
bus.

2.1.

Overview of Microprocessor in Automotive Systems
The first wide spread application of the microprocessor embedded system in an

automobile came with the introduction of the electronic fuel injection (EFI) system in the
mid 1970’s [8,9]. In these systems, the microprocessor monitored engine speed and load
7

and calculated the appropriate amount of fuel needed to meet the driver’s demand. Using
a microprocessor permitted more precise control of the fuel metering and delivery
process which helped improve the overall efficiency of the engine [9]. With the passing
of the Cooperate Average Fuel Economy (CAFE) regulation in 1977 vehicles were
required for the first time to meet a specified fuel economy [10]. Using existing EFI
systems and incorporating a feedback system to monitor air/fuel ratio, automakers were
able to meet these fuel economy mandates [11]. As emission and fuel economy standards
continued to rise, the complexity of the engine control system increased. Some of the
most complex engine control systems deployed incorporate features such as direct
cylinder injection, cylinder deactivation, and variable valve timing [12]. All of these
systems require high-resolution sampling and actuation in order for the systems to
function properly.
As the processing requirements of vehicle systems continue to increase,
automotive controllers are integrating higher performance microprocessors to meet these
demands. Current automotive grade microprocessors are designed to operate at clock
frequencies of greater than 100 MHz, and are capable of completing 32-bit mathematical
operations in a single clock cycle. Figure 2.2 shows the block diagram of the Freescale
MPC5554, 32-bit automotive grade microprocessor [13].
In addition to the communication buses available, the MPC5554 processor has
various peripheral I/O channels for interfacing to the external environment. Two of the
major peripherals used in common control systems are the enhanced time processing unit
(eTPU) and the analog-to-digital converter (ADC). The eTPU allows for precise time
measurement and generation of complex output waveforms using its high-resolution
8

timers. The ADC modules available in the MPC5554 microprocessor enable seamless
integration with analog sensor in the vehicle. With the current processing capability and
ease of interface with external sensors and actuators, complex vehicle control systems
can be developed more rapidly.

Fig. 2.2.

MPC5554 Block Diagram [13].

This capability permits the advancement in vehicle control systems to transition to
a higher degree of optimization based on changes occurring in the vehicle’s environment.
9

One system currently in use that utilizes information gathered from the vehicle
environment is the ambient cabin lighting system used by Mercedes-Benz [14]. This
system maintains a low light level in the cabin at darkness to help reduce the intensity of
the instrument cluster lighting to the driver. By utilizing sensors to monitor dynamic
changes in environmental, a vehicle’s control system could adjust to provide a safer,
more efficient operation.

2.2.

Vehicle Dynamics
In an effort to meet the seemingly continuous increase in emission and fuel

economy standards, automakers are looking at different changes that can be made in
order to increase fuel efficiency and reduce vehicle emissions. In order to understand how
automakers are making these changes, it is essential to discuss the major components of
the vehicle that affect fuel economy. The tractive effort required to propel a vehicle is
shown in Eq. 2.1 [15].
Ft = M v gf r cos(α ) +

1
dv
ρ a C D A f v 2 + M v g sin (α ) + M v δ
2
dt

(2.1)

Equation 2.1 above can be broken into four separate components contributing to the total
tractive force required.
−

M v gf r cos(α ) corresponds to the force required to overcome the rolling
resistance of the vehicle.

−

1
ρ a C D A f v 2 corresponds to the aerodynamic drag of the vehicle.
2

−

M v g sin (α ) corresponds to the force required to overcome a specific
grade.
10

−

M vδ

dv
corresponds to the force required to accelerate the vehicle at a
dt

give rate

dv
.
dt

Typically, weight reduction is the initial area that automakers focus on when
attempting to increase vehicle efficiency. This can be understood from Eq. 2.1 by
noticing the number of components associated with the vehicle’s weight. The only force
component that does not depend on the weight of the vehicle is the component associated
with aerodynamic drag. In this component it is obvious that the dominate term is the
square of vehicle speed. For this reason, automakers attempt to achieve the lowest
coefficient of drag (CD) and smallest frontal area (Af) in an effort to help vehicle
efficiency at higher speeds. The remaining two force components, grade and
acceleration/deceleration, are the only two force components in the vehicle dynamic
equation that generate both positive and negative forces.
Recapturing excess energy available during braking is a concept employed in
current HEVs [2,5,6]. Utilizing the energy that would otherwise be lost as heat helps
hybrids increase the vehicle’s overall efficiency. To illustrate the benefit of regenerative
braking, Eq. 2.1 was used to simulate a SUV’s cumulative energy consumption during
the first 505 s of the FTP-75 drive cycle with and without regenerative braking. This is a
hypothetical example included to illustrate a concept. During the simulation without
regenerative braking, any negative power requirement generated from Eq. 2.1 was
ignored. For the case with regenerative braking the simulation limited recapturing power
to 30 kW, which is a typical charging limit for most HEV battery packs [17,18]. The
results of the simulation are shown in Fig. 2.3.
11

Fig. 2.3.

Energy Consumption Comparison with and without Regenerative Braking.

By incorporating regenerative braking into the SUV, the vehicle’s efficiency
could be increased by 28% if driveline efficiencies are neglected. Using the available
computational power of current microprocessors and the equation for vehicle dynamics,
the regeneration process for a hybrid vehicle can be optimized based on the grade of the
road.
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CHAPTER 3
CONTROL SYSTEM BACKGROUND, REQUIREMENTS
OVERVIEW, AND COMPONENT SELECTION

3.1.

Understanding HEV Energy Utilization
In order to analyze the benefit of a grade adaptive control strategy, the fuel

economy of the vehicle with and without grade adaptive regeneration are compared. The
calculation of fuel economy in a conventional vehicle is a straightforward calculation that
requires dividing the total amount of fuel used by the total distance the vehicle has
traveled. An HEV’s capability of utilizing multiple forms of energy introduces an
additional factor that must be considered during the calculation of the vehicle’s fuel
economy. To date, the majority of HEVs developed utilize both a petroleum energy
source and an electric energy source. In order to understand fuel economy as it relates to
HEVs, it is important to base the fuel economy of a HEV in terms of the total energy
used by the vehicle. This includes accounting for total fuel used and any change in the
electric energy storage. To illustrate the need for a fuel economy measurement based on
the total energy used by the vehicle, Fig. 3.1 shows an example of the initial and final
energy storage levels for a HEV driven over the HWFET with the HEV controller
maintaining all electric operation throughout the duration of the drive cycle. In the figure,
the fuel and electrical energy storage are illustrated with symbolic representations that are
blue and yellow, respectively.
13

Fig. 3.1.

Energy depletion of an HEV Operating in All-Electric Mode.

If the fuel economy were computed for the HEV used in Fig. 3.1 without taking
into consideration the electrical energy used throughout the cycle, it would create an
undetermined fuel economy because no petroleum-based fuel was used during the cycle.
However, it is important to note that even though there was no petroleum energy used
there was a depletion of electrical energy in the vehicle. Accounting for the change in
electric energy in an HEV is a critical component for calculating the overall fuel
economy of the vehicle. In order to do so, a relationship between petroleum energy and
electrical energy of the HEV must be made. This relationship is known as state of charge
(SOC) corrected fuel economy. The electrical energy consumed (kWh) during the drive
cycle is converted to an equivalent petroleum BTU value. With the change in electric
energy in terms of BTUs, it can be converted to an equivalent amount of petroleum
(gals).
Now that the electric energy consumed during the drive cycle in Fig. 3.1 is
represented as petroleum, the electric equivalent energy consumption can be removed
from the petroleum energy storage level, and the electric energy consumption is corrected
to zero. The calculation is now performed exactly the same way as a conventional vehicle
by taking the equivalent petroleum consumed and dividing the total amount of petroleum
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used by the total distance the vehicle has traveled. Using this method of fuel economy
calculation, the electrical energy storage depletion that took place during the drive cycle
in Fig. 3.1 would result in a reduction of the final petroleum content remaining as
illustrated in Fig. 3.2. A more in depth discussion and calculation example for the process
of SOC corrected fuel economy is provided in Appendix A.

Fig. 3.2.
3.2.

SOC Corrected Fuel Consumption.
Grade Sensing for HEV Efficiency Improvement

A HEV’s ability to recapture energy that would otherwise be lost is the primary
factor accounting for the increase in overall vehicle efficiency. As shown in Chapter 2,
the regenerative braking process has the potential to increase the vehicle’s overall
efficiency, for example, 28% in the previous illustration. An additional attribute of an
HEV that increases the vehicle’s overall efficiency is the ability to shift the engine’s
operation into a more efficient region. This is performed by using the electric motor to
load or unload the engine to a desired operating region. Figure 3.3, which describes the
engine torque as a function of speed, illustrates the process of shifting the engine
operating point to achieve operation that is more efficient. Lines denoting constant
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efficiency are shown in the figure with the inner most contour having the highest
efficiency as indicated.

Fig. 3.3.

Engine Operating Point Shifting for Maximum Efficiency.

For some HEV architectures, such as series hybrids, the vehicle control system
would set the load of the electric generator to a point that would correspond to the
engine’s most efficient operating point. For the engine depicted in Fig. 3.3, this means
operating the engine along the optimal efficiency curve, as close to the maximum
efficiency point as possible. For hybrid architectures in which the ICE is mechanically
connected to the drivetrain and provides a significant amount of the propelling power,
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known as parallel architectures, the electric drivetrain can be used to modify the engine
operating point based on the current state of the vehicle.
For example, from Fig. 3.3 the point denoted as 1 represents the operating point
of an HEV’s engine during highway cruising. If the HEV’s energy storage is below its
optimal point, the vehicle controller may command a small amount of regeneration
torque to be applied by the electric motor in order to boost its SOC. The addition of
regeneration torque shifts the engine’s operation from its original position to a more
efficient region denoted as point 2. The shift in the engine operating point increases the
engine’s efficiency, which increases the amount of energy provided. The excess energy
created is captured by the electric motor and stored in the energy storage system. It is
important to note that by applying an increased load to the engine, the amount of fuel
being supplied to the engine is increased in this example.
However, the cost of using additional fuel is offset when the electric motor is used
to operate the engine more efficiently during accelerations. This process is depicted in
Fig. 3.3 with the shift from point 3 to 4. During times of acceleration, the electric motor
is commanded to provide a desired amount propelling torque to remove load from the
ICE and shift engine operation to a region of higher efficiency. In contrast to applying
load to the engine, removing load from the ICE helps significantly reduce the amount of
fuel used.
The process of modifying the engine’s operating point in a HEV is a key feature
that further increases the overall vehicle efficiency. If additional sensors were added to
the HEV’s control system allowing for measurement of dynamic changes in the
environment, the ECU could optimize regeneration based on the availability of excess
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energy due to environmental changes. One potential area of environmental sensing that
could increase overall HEV efficiency is grade sensing. As stated in Chapter 2, the forces
required to propel a vehicle is heavily dependent on the physical attributes of the vehicle,
such as weight, tire rolling resistance, and drag coefficient. The only component of the
vehicle dynamics equation that can be monitored in real-time and used to change the
operation of the vehicle is the grade being traveled upon.
Grade sensing optimization has not previously been explored as a form of vehicle
optimization because conventional vehicles have no way to store the available energy for
later use. With the introduction of HEVs, the desired energy storage system is now
available, and the impact of grade sensing optimization on the vehicle’s energy recapture
capability can be explored. To illustrate the potential benefit of a grade adaptive
regeneration strategy, Eq. 2.1 was used to determine the power requirement of a midsized SUV traveling at a constant speed for various grades, as seen in Fig. 3.4.
For the SUV used in Figure 3.4, the required output power while traveling over a
-2% grade is negative until the vehicle speed exceeds approximately 45 mph. At this
point, the power required to overcome aerodynamic drag exceeds the amount of negative
power available from the grade. Before 45 mph the vehicle could have made use of an
average of 800 W of excess power. Adapting the regeneration strategy based on the
additional energy available would provide a boost in the HEV’s energy storage SOC
without negatively affecting the vehicles fuel economy. Additionally, the excess energy
captured during adaptive regeneration can further unload the engine during accelerations
and reduce the amount of petroleum fuel consumed.
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Fig. 3.4.
3.3.

Required Power versus Vehicle Speed for Various Grades.
Overview of Vehicle Test Platform

Before discussing the algorithm for the designed grade adaptive control strategy it
is essential to briefly discuss the algorithms and control strategy behind the MSU cX
hybrid. For the purpose of this research, the MSU cX hybrid vehicle was used to
determine the benefit of a grade adaptive vehicle control strategy.
The cX competition challenged 17 universities across the United States and
Canada to reengineer a 2005 Chevrolet Equinox to be more fuel-efficient and produce
less harmful emissions. The MSU team took the approach of converting the gasoline
powered Equinox into a TTR parallel hybrid. The classification of the TTR parallel
architecture means the vehicle can utilize two different power sources, each connected to
separate axles, with no shared mechanical connection between them. For the MSU
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hybrid, the vehicle can be powered by either a GM 1.9L turbo-diesel engine connected to
the front axle and/or by a Ballard IPT electric motor powering the rear axle, as seen in
Fig. 3.5. The IPT electric drive system utilizes a nominal 330V, 7Ah battery pack as both
a power source and sink.

Fig. 3.5.

MSU TTR Parallel Hybrid Architecture.

The MSU control strategy is designed to meet the driver’s demand by determining
the torque required and separating the requested torque between the engine and electric
motor. The control strategy of the MSU hybrid can be broken into two primary operating
modes, propelling and braking. Determination of these modes is based on driver inputs
from both the accelerator and brake pedal. The control strategy is brake dominate,
meaning that if the user supplies a braking request it will override any accelerator request
and conduct only regenerative braking.
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3.3.1. MSU HEV Propelling Strategy
The proposed grade adaptive regeneration system was developed as a refinement
to the existing MSU propelling control strategy, and so it is essential to briefly discuss the
original propelling strategy [15]. The main objective for the MSU HEV is to meet the
power demand from the driver at any given time during a drive cycle, while retaining
enough charging capacity to be able to recapture the energy available during braking
events. This type of control strategy is referred to as charge-sustaining [16]. In this
control strategy, the HEV controller requests the required electric motor torque based on
the current SOC of the battery pack.
As the SOC of the battery pack decreases, the controller will continuously reduce
the requested electric motor assist. In order to prevent over-charging and deepdischarging of the battery pack, the control strategy limits the usable range of the
battery’s SOC from 30% to 90%. Since the commanded electric motor assist is a function
of driver requested torque, an acceleration event is a high charge-depleting operation
mode. In order to maintain charge-sustaining operation, recapturing energy must be a
critical component of the control strategy. For this reason, the control strategy has been
designed to use the electric motor as a generator in order to recapture energy not only
during braking events but also during cruising, coasting, and deceleration.
In an effort to optimize the vehicle control with respect to drive quality, the
propelling strategy blends between three modes of vehicle propulsion: acceleration,
deceleration, and cruising. The selection of propulsion mode is based on input from the
driver through the accelerator pedal or via a direct calculation of the vehicle’s
acceleration/deceleration rate. The controller monitors the accelerator pedal and when the
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pedal rate of change exceeds a set positive rate, the controller places the vehicle operation
in the acceleration mode. Similar to the accelerator pedal monitoring, if the vehicle’s
calculated acceleration rate exceeds a pre-set threshold, the controller will set the
vehicle’s operation mode to acceleration. This was done to cover acceleration while
traveling at a low-speed where the vehicle would accelerate more rapidly in response to
the commanded accelerator pedal request.
The vehicle is considered to be in a deceleration state if its calculated deceleration
exceeds a pre-set threshold. This typically occurs when the driver releases the accelerator
pedal before depressing the brake pedal. A cruising state is determined when the vehicle
speed is constant with only a small amount of acceleration or deceleration. The value of
the torque request to the electric motor is obtained from continuously interpolating maps.
These maps are based on the accelerator pedal position, the ratio of the current vehicle
speed to its maximum, and the battery SOC. This is illustrated by Fig. 3.6.

Accelerator Pedal

Torque Look-up Table
for Electric Motor

Vehicle Speed Ratio

EM Torque
Request

Battery SOC

Fig. 3.6.

MSU TTR Torque Request Interpolation Lookup Table.
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Using the battery SOC value provided, the control strategy determines the
appropriate pair of torque maps. The controller then uses the selected torque maps to
calculate the appropriate electric motor torque request based on the ratio of the current
vehicle speed to its maximum speed and the current driver requested accelerator pedal
position. Figure 3.7 shows an example of the electric motor torque request map with a
vehicle speed ratio that is 50% of the maximum vehicle speed during an acceleration
mode.

Electric Machine Torque (N-m)
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Fig. 3.7.
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Electric Motor Torque Output vs. Accelerator Position for Various Battery
SOCs at 50% of Maximum Vehicle Speed.

From the information provided in Fig. 3.7, if the battery SOC were 62%, the
controller would interpolate the requested torque from the 66% and 54% maps. If the
driver’s accelerator pedal position was 70%, the controller would interpolate between the
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torque values from the selected maps, and the final electric motor output of
approximately 50 N-m would be requested.
Cruising regeneration is conducted by commanding the electric motor to provide
a negative torque to the rear axle. As mentioned in Section 3.2, this process shifts the
engine operation into a more efficient region and the excess energy created by the engine
is stored in the battery pack. The amount of negative torque requested is slowly reduced
to zero as the SOC reaches the maximum cruising SOC limit. Also, the magnitude of
regeneration torque is slowly reduced as vehicle speed increases in order to reduce the
load placed on the engine at high speeds.
Deceleration events are additional events where the controller will place the
electric motor into a regeneration state. Regeneration torque requests in the deceleration
state are similar to cruising state regeneration torque requests only with higher
magnitudes. Regeneration torque maps for both cruising and deceleration states at 50% of
maximum vehicle speed for various battery SOCs are show in Figures 3.8 and 3.9,
respectively.
It is important to note that not only is the controller interpolating within each
propelling mode, it is also interpolating or blending between each of the modes based on
the measured acceleration rate. This allows the controller to further optimize the torque
request and provide a smooth transition between operation modes. Figure 3.10 illustrates
the mode blending performed by the HEV controller during a moderate acceleration
request. Similar to the propelling mode interpolation, mode blending uses interpolation
between torque requests based on actual or commanded acceleration rate. For a given
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acceleration rate, the blending algorithm will interpolate between electric motor torque
requests from the acceleration and cruising modes.
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Electric Motor Torque Output vs. Accelerator Pedal Position for Various
Battery SOCs at 50% of Maximum Vehicle Speed During Cruising.
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Electric Motor Torque Output vs. Accelerator Pedal Position for Various
Battery SOCs at 50% of Maximum Vehicle Speed During Deceleration.
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Fig. 3.10.

MSU TTR Blending Algorithm for Moderate Acceleration.

The proposed grade adaptive regeneration strategy developed in this study is
designed to optimize the HEV regeneration request during the cruising and deceleration
modes. The grade adaptive regeneration strategy determines an appropriate regeneration
torque based on a sensed grade value, which is added to the requested electric motor
torque supplied by the native propelling strategy. The following section discusses the
selection of components used for the grade sensing system. Chapter 4 provides a more in
depth discussion of both the grade calculation and adaptive regeneration strategy.

3.4.

Selection of Grade Sensing System Components
The tilt sensing system used for this study consists of two separate sensing

components, an accelerometer based tilt sensor and a rate sensing gyro. The purpose of
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using both the angular rate gyro and the accelerometer tilt sensor is to compensate for the
disadvantages of both sensors. When measuring the inclination of a vehicle under
dynamic conditions, an accelerometer tilt sensor is affected by the vehicle’s acceleration
and deceleration. Using the angular rate sensor, the control system can account for the
short-term inaccuracies of the accelerometer tilt sensor during a change in vehicle speed.
In order to determine the rotation angle, the degrees per second output from the rate
sensor is integrated over a sampling period. Performing this integration causes an error to
accumulate due to angular random walk [19,20]. Noise present in the rate sensor due to
its construction causes the integrated rate measurement to accumulate an angle error that
increases at a rate proportional to the square root of time [21]. For this reason, the
accelerometer based tilt sensor is used to correct the measurement of the rate sensor over
long periods of time [19].
A major requirement of the tilt sensing system is that the sensing elements must
have a high immunity to vibrations. Since the sensing system is designed for measuring
dynamic change of road grade during vehicle operations the sensor selected must be
highly vibration resistant. For this reason, micro electromechanical system (MEMS)
based sensors are ideal components to use in this application [22]. The following sections
provide a brief description of how MEMS based tilt sensors and gyros operate and
explain the considerations taken for the selection of the sensors used in the tilt sensing
system for this study.
3.4.1. Selection of Tilt Sensor
A common form of tilt sensors currently used in control systems are constructed
using accelerometer based MEMS sensors. A MEMS based accelerometer uses a change
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in capacitance to determine acceleration in a given direction. Figure 3.11 shows a
diagram of how the MEMS accelerometer sensor is constructed to provide the differential
capacitance reading [23].

Fig. 3.11.

Physical Construction of MEMS Based Accelerometer [23].

In MEMS based accelerometers, a structure known as the proof mass is
suspended in the substrate using a set of springs. When an acceleration force is applied,
the proof mass shifts in the corresponding direction. The shift of the proof mass causes
the distance between the electrodes connected to the proof mass and the fixed outer
plates, denoted as P1 and P2, to change. This change in distance causes a change in the
differential capacitor values C1 and C2. The embedded electronics of the MEMS
accelerometer modulate the capacitance values to produce a proportional analog voltage
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output based on the acceleration range of the sensor in terms of gravitational acceleration
[23].
When selecting an accelerometer based tilt sensor for this study, it was important
to determine the characteristics of the sensor to provide for ample sensing range during
the desired operating conditions. In the case of the proposed control system, the tilt
sensing system is only used under conditions of light accelerations and decelerations as
well as during cruising modes. These operating conditions can introduce false sensor
readings of tilt from the induced acceleration of the vehicle. The blending strategy of the
MSU HEV recognizes accelerations less than 0.4 m/s2 and deceleration greater than
-0.2m/s2 as cruising.
The maximum acceleration and deceleration limits utilized by the MSU HEV
strategy correspond to a 0.04 g and -0.02 g acceleration, respectively. Based on the
construction of the accelerometer based tilt sensor, the vehicle’s acceleration and
deceleration will produce a false tilt measurement. The relationship between the induced
acceleration/deceleration to the false tilt measurement is sin-1(), where  is the g-based
acceleration/deceleration of the vehicle [22]. With this relationship, the minimum and
maximum sensing error of the system can be determined to be -1.2º and 2.3º,
respectively. As will be described in Section 4.3, the grade adaptive regeneration strategy
limits the maximum sensed grade to 0% and the minimum sensed grade to -3% to prevent
vehicle instability.
For the constraints provided in this study the desired accelerometer based tilt
sensor must be able to sense a range of -2.9º to 2.3º. The minimum value of the sensing
range corresponds to the arctangent of the minimum grade measurement of the system
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(-3%) plus maximum deceleration error contribution angle (-1.2o). The maximum value
of the sensing range corresponds to the arctangent of the maximum grade measurement
(0%) plus the maximum acceleration error contribution angle (2.3o). The accelerometer
tilt sensor selected for this control system was the Crossbow CXTLA single axis analog
tilt sensor. The CXTLA is capable of sensing a grade of ±20 with a voltage output
resolution of 100 mV/ [22]. Even though the accelerometer tilt sensor selected for this
system meets the sensing range requirements, the presence of the vehicle’s acceleration
and deceleration will cause an error in the measurement if the system is not compensated.
For this reason an acceleration compensation algorithm was developed to reduce the
amount of inaccuracy in the tilt sensor’s measurement due to the vehicle’s acceleration.
This compensation algorithm is discussed in the following chapter.
3.4.2. Selection of Rate Sensing Gyro
Most gyros in use in current control systems are MEMS based with a construction
similar to the MEMS based accelerometer discussed in Section 3.4.1. The significant
difference in the two is that the MEMS based gyro utilizes a fixed frequency oscillating
proof mass rather than a stationary proof mass. The oscillating proof mass is needed to
sense a Coriolis-induced displacement, which corresponds to the rate of angular change
[25].
The integration error introduced by noise in the gyro’s output and the bias
stability of the gyro require its computed angular output to be stabilized when used over a
large period. For this study, a model CRS03 MEMS based gyro produced by Silicon
Sensing Inc. was selected. This sensor is capable of measuring an angular rate of 100
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deg/s. When integrated into the proposed system with a sampling frequency of 10 Hz, the
selected sensor will be able to provide a maximum angular output of 20 [25].
3.4.3. Selection of Sensing System Microprocessor and Development Environment
The implementation of most modern control systems requires a microprocessor
with a requisite development environment. The primary influences in selecting a
microprocessor are algorithm complexity, interface requirements, and environmental
operating conditions. These requirements have to be considered along with the
development environment. The selection of the microprocessor unit was a critical step in
the development of the grade sensing system. The microprocessor needed to have the
following characteristics:
•

Analog voltage sampling in order to interface with the selected tilt and gyro sensors

•

CAN communication capability for gathering information about the vehicle and its
drivetrain components

•

Ruggedized packaging suitable for automotive environment
An additional constraint that was not a requirement but had a strong impact on the

selection of the microprocessor unit was to maintain seamless transition from vehicle
simulation model to hardware implementation. This constraint is met by utilizing the
MotoHawk blockset for the MATLAB® and Simulink® development environment. The
MotoHawk blockset was developed by the MotoTron Coporation for use with their
ECU’s that utilize various Freescale microprocessors.
For the purpose of this research, the model GCM-565 ECU was selected for
implementation of the grade sensing system. The GCM-565 uses a Freescale MPC565
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microprocessor operating at 56 MHz. With this processor and the MotoHawk
development environment, the grade sensing system is capable of input sampling at 200
Hz. The GCM-565 is also equipped with two CAN communication channels and 6 analog
inputs for seamless integration with the tilt and gyro sensors as well as communicating
with the existing HEV controller [26]. The tilt sensing system is implemented on the
GCM-565 ECU and not the existing HEV ECU because the current configuration of the
HEV ECU could not support additional analog inputs. For this reason the grade adaptive
regeneration system has been divided into two components: a grade-sensing component
that is deployed on the GCM-565 ECU and the grade adaptive regeneration strategy
integrated into the existing HEV ECU.
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CHAPTER 4
STABILIZED ANGLE CALCULATION AND GRADE ADAPTIVE
REGENERATION STRATEGY DEVELOPMENT

4.1.

Overview of the Grade Adaptive Regeneration Algorithm
The overall objective of the grade adaptive regeneration control system is to

determine the availability of excess energy during dynamic driving conditions and
optimize the operation of the MSU HEV control strategy to capture the available energy
through regeneration. Recapturing this energy requires that the adaptive regeneration
strategy be provided a stabilized grade measurement that can be used to determine the
required adaptation torque. The calculated grade adaptive torque can be used to optimize
the HEV’s regeneration during cruising, coasting, and deceleration modes. For each of
these modes, the grade adaptive regeneration contribution is determined based on the
vehicle speed, battery SOC, and stabilized grade measurement. The calculated
contribution is then added to the requested regeneration torque from the MSU HEV
strategy, and the grade adapted regeneration request is then sent to the electric motor.
The grade adaptive regeneration algorithm is separated into two processing
systems. The first system is dedicated to acquiring readings from both the tilt and gyro
sensors and then using this information to generate a stabilized angle measurement. The
second system consists of an algorithm for determining the requested electric motor
torque based on the sensed grade. Each system has been integrated into different
33

microprocessor systems and use the existing CAN bus for transferring information.
Figure 4.1 shows the hierarchy of controllers used in the grade adaptive regeneration
strategy. The different lines in Fig. 4.1 represent the different CAN buses used in the
system. The main HEV controller is used not only to determine the regeneration torque
request based on the grade being reported by the tilt sensing system but it also acts as a
gateway to translate messages from the other controllers in the system. A high-level
block diagram of the grade adaptive regeneration algorithm is shown in Fig. 4.2. The
following sections provide a discussion regarding the development of both the stabilized
angle measurement algorithm and the grade adaptive regeneration control strategy for the
MSU HEV.

Fig. 4.1.

Hierarchy of Controllers in the Grade Adaptive Regeneration Strategy.
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Fig. 4.2.

Grade Adaptive Regeneration Algorithm Block Diagram.

35

4.2.

Development of Stabilized Grade Algorithm
As mentioned in Section 3.3, measurements from both an accelerometer based tilt

sensor and rate sensing gyro are used for the calculation of a stabilized angle during
dynamic driving conditions. Figure 4.3 below shows the algorithm used for calculating a
stabilized angle using a compensated tilt sensor and gyro reading.

Fig. 4.3.

Stabilized Angle Calculation Algorithm.

The basis of the stabilization algorithm is to use the gyro sensor reading for shortterm measurements and adjust the gyro’s reading by the accelerometer tilt sensor over
time. In order to use the gyro sensor’s reading, it is first integrated with respect to the
sampling time to get the reading in terms of degrees. As mentioned in Section 3.4.2 this
process introduces an accumulation of error that causes the angle measurement to
continuously increase over time. For this reason, the gyro sensor’s integrated
measurement is corrected by a windowed average of the tilt sensor error correction. The
windowed average calculation retains a three-measurement average to reduce oscillation
in the output and minimize the effect of the gyro sensors accumulated random walk [21].
The state equations for the compensated gyro integration including window averaging are
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provided below in Eq. 4.1 through Eq. 4.3. Equation 4.1 and Eq. 4.3 represent the
discrete time integration that is performed on the gyro’s rate measurement. In Eq. 4.1 the
term u1 represents the measurement received from the gyro sensor. Equation 4.2 shows
the windowed average calculation for the gyro integration compensation. The term u2 in
Eq. 4.2 signifies the product of the tilt error and tilt sensor compensation shown in Fig.
4.3.
x[ n] = u1[ n] * dt

a[n] =

(4.1)

(u 2[n − 3] + u 2[n − 2] + u 2[n − 1])
3

y[ n] = x[ n] + x[ n − 1] − a[ n]

(4.2)
(4.3)

Due to the physical construction of the MEMS based accelerometer, vehicle
accelerations and deceleration will contribute to the reading of the tilt sensor to provide
additional inaccuracy. In order to reduce the amount of inaccuracy introduced, a
compensation algorithm has been developed to remove measured vehicle acceleration
and deceleration from the tilt sensor’s measurement. As discussed in Section 3.4.1, an
acceleration of X g’s will correspond to an induced angle measurement error of sin-1(X)
[22]. Figure 4.4 shows the strategy used for compensating the tilt sensor reading based on
the measured vehicle acceleration or deceleration. Units are displayed on each of the
signal buses to illustrate the conversion process from sensor output to engineering units
needed for acceleration compensation. The angle measurement calculated in Fig. 4.4 is
used as the compensated tilt angle input in Fig. 4.3.
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Fig. 4.4.

Algorithm for Acceleration/Deceleration Compensation for Tilt Sensor.

The values for the gain constants Kt, Kv, and Kg in Fig. 4.4 correspond to the
appropriate gain factors needed to transform the input units supplied to the desired output
units displayed. Once the compensated value for the tilt angle measurement has been
calculated, the value is subjected to a software low-pass filter, as seen in Fig. 4.3, to
dampen any sudden fluctuations in tilt measurement due to spikes caused at the
beginning of an acceleration. The filtered tilt sensor reading is then subtracted from the
reading of the integrated gyro sensor reading to produce an error signal.
The error between tilt sensor reading and gyro reading is then multiplied by the
tilt sensor compensation gain, which corresponds to the desired amount of error signal to
be used to correct the rate sensor. The value of the tilt sensor compensation gain is
determined by dividing the desired settling time by the sampling frequency of the
calculation algorithm. For a desired settling time of 2 s with the stabilization algorithm
operating at 10 Hz, the tilt sensor compensation value would be 2/10 = 0.2. This
compensation value is then added to the raw angle measurement calculated from the gyro
sensor to give a stabilized angle that is accurate in the short-term by the gyro sensor
reading and stabilized in long-term measurements by the tilt sensor.
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Figure 4.5 below shows the benefit of using the vehicle acceleration
compensation algorithm during a short city drive cycle. From the figure it is evident that
the incorporation of the compensation algorithm significantly lowers the peak angle
values caused by the induced acceleration contribution error. Furthermore, the addition of
the vehicle acceleration compensation eliminates nearly all the induced during the
braking events at times 100 s and 150 s. It is important to note that while the vehicle
acceleration compensation does not eliminate all error associated with vehicle
accelerations and decelerations, it does significantly reduce the peak angle measurements
allowing the control strategy to settle at the correct value sooner.

Fig. 4.5.

Stabilized Angle Calculation Output with and without Vehicle Acceleration
Compensation.
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4.3.

Grade Adaptive Regeneration Strategy for the MSU HEV
The underlying concept of the grade adaptive regeneration strategy for the MSU

HEV is to optimize the regeneration capability of the vehicle during cruising, coasting,
and deceleration. The grade adaptive regeneration strategy developed for the vehicle is
similar in operation to the HEV’s propelling strategy. The significant difference between
the two strategies is the input selection criteria used by the grade adaptive regeneration
strategy. The grade adaptive regeneration strategy uses inputs from the energy storage
system, vehicle, and stabilized angle algorithm as its basis for decision-making. The three
inputs used for calculation of the desired grade adapted regeneration torque are energy
storage SOC, ratio of current vehicle speed to maximum speed of vehicle, and current
stabilized grade measurement, as shown in Fig. 4.6.

Battery SOC

Vehicle Speed Ratio

Torque Look-up Table
for Electric Motor

EM Torque
Request

Stabilized Grade

Fig. 4.6.

MSU Grade Adaptive Regeneration Torque Request Lookup Table.

The stabilized grade value is received via the CAN bus and is used as the primary
selection criteria for the adaptive regeneration strategy. Similar to the MSU propelling
strategy the grade adaptive regeneration strategy makes use of multiple lookup table
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based torque maps. These torque maps correspond to the desired torque request for 0%,
-1%, -2%, and -3% grades. The magnitude of regeneration torque is set to the maximum
allowed for the given grade at low battery SOC. The magnitude of the regeneration
torque is decreased as the battery SOC approaches its selected maximum charging limit.
Due to the MSU HEV design, the grade adaptive strategy saturates the sensed grade at a
maximum of -3% and maximum torque request of -17.8 N-m. This is done to ensure that
the stability of the vehicle will not be compromised by applying a large magnitude of
negative torque to the rear axle of the vehicle.
Sample torque maps for grade adaptive regeneration strategy at 25%, 50%, 75%,
and 100% of maximum vehicle speed and various battery SOCs are shown in Fig. 4.7
through Fig. 4.10, respectively. As seen, the adaptive regeneration strategy applies no
additional torque at grades of 0% or greater and supplies its maximum torque of -17.8
N-m at the maximum sensing grade of -3% and greater, decreasing its regeneration
request as the SOC approaches its maximum limit.
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Fig. 4.7.

Grade Adaptive Electric Motor Torque Request vs. Battery SOC for Various
Grades at 25% of Maximum Vehicle Speed.

Fig. 4.8.

Grade Adaptive Electric Motor Torque Request vs. Battery SOC for Various
Grades at 50% of Maximum Vehicle Speed.
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Fig. 4.9.

Fig. 4.10.

Grade Adaptive Electric Motor Torque Request vs. Battery SOC for Various
Grades at 75% of Maximum Vehicle Speed.

Grade Adaptive Electric Motor Torque Request vs. Battery SOC for Various
Grades at 100% of Maximum Vehicle Speed.
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CHAPTER 5
SIMULATION AND IN-VEHICLE TEST RESULTS

The following sections discuss test results obtained for the grade adaptive
regeneration system. The evaluation of the system was conducted in four phases.
•

Implementation and evaluation of the grade adaptive regeneration strategy using
the Powertrain Simulation and Analysis Toolkit (PSAT) software

•

Evaluation of stabilized angle calculation provided by the grade sensing system
under both static and dynamic conditions

•

Integration of the grade adaptive regeneration strategy into the HEV controller
and evaluation of the strategy during static conditions using a 4-wheel chassis
dynamometer

•

Validation of the complete grade adaptive system during dynamic on-road
experiments
With the validation separated into the above four phases, each component of the

grade adaptive system can follow a design procedure of development, simulation,
component verification, and system integration validation. A more comprehensive
explanation for each of the test phases and results gathered are presented in the following
sections.
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5.1.

Grade Adaptive Regeneration Development Using PSAT
The development of the grade adaptive HEV regeneration control strategy was

conducted using PSAT. PSAT, developed by Argonne National Laboratory, is a
command-based and forward-looking vehicle simulation environment developed using
MATLAB, Simulink, and Stateflow. The forward-looking approach refers to simulations
that iteratively modify individual component control commands to various vehicle
subsystems while attempting to minimize the error between driver demand and actual
vehicular system response. The command-based, real-world feel to forward-looking
simulation is imparted by the inclusion of a driver model, which, in an attempt to follow a
pre-defined speed cycle, considers the present speed and desired speed to develop
appropriate commands for propelling, braking and gear shifting. The throttle and brake
commands are translated to torque requests to be met by the various power sources in the
powertrain [23].
The performance of the developed grade adaptive regeneration strategy was tested
by running the grade adaptive HEV strategy over the highway fuel economy test
(HWFET) and a custom city-highway combined cycle. The custom city-highway drive
cycle consist of two identical city portions separated by the high-speed highway portion
of the HWFET. This cycle is used to illustrate the benefit of the grade adaptive energy
recapture based on the fuel amount used in the second city portion of the cycle. Each of
the test procedures were conducted using a constant negative grade from 0% to -3% by
increments of -1%. These test procedures were repeated numerous times using different
adaptive regeneration torque maps to determine the most optimal regeneration value for
providing maximum HEV regeneration and corrected fuel economy for both the cycles.
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Figure 4.1 and Fig. 4.2 show the speed versus time profile of the HWFET and custom
city-highway drive cycles, respectively.

Fig. 5.1.

Speed vs. Time Profile for the Highway Fuel Economy Test (HWFET).
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Fig. 5.2.
5.2.

Speed vs. Time Profile for the Custom City-Highway Drive Cycle.
PSAT Simulation Results

The vehicle’s initial battery SOC for all simulations was set to 50% in order to
illustrate the potential benefit of energy harvesting based on the grade. The initial value
of 50% is below the optimal SOC of 65% that was selected for the cX vehicle. At this
initial value, the native HEV controller will attempt to boost the SOC to its optimal
through only braking and non-adaptive cruising regeneration.
5.2.1. HWFET Results for Constant Negative Grade Regeneration
Table 5.1 includes the PSAT predictions for the HWFET drive cycle in adaptive
and non-adaptive regeneration modes. Each mode was evaluated at grades of 0%, -1%,
-2%, and -3%. As seen in Table 5.1, the SOC corrected fuel economy for the adaptive
regeneration strategy is higher than that of the non-adaptive strategy for each of the test
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cases considered. It is also important to note the total fuel consumption for the adaptive
test cases deceased as the magnitude of negative grade increased. This shows that the
adaptive regeneration strategy does not apply an amount of negative torque that exceeds
the available negative torque due to the grade.

Table 5.1.

PSAT Test Results for the HWFET Using Constant Negative Grades.

-1% Grade
NonAdaptive
Adaptive

-2% Grade
NonAdaptive
Adaptive

-3% Grade
NonAdaptive
Adaptive

Description

0%
Grade

Initial SOC

50%

50%

50%

50%

50%

50%

50%

Final SOC
Fuel Used
(gal)
Fuel
Economy
(mi/gal)
SOC
Corrected
Fuel
Economy
(mi/gal)

71.3%

72.4%

76.3%

75.2%

81.8%

77.8%

84.6%

0.27

0.22

0.23

0.18

0.19

0.13

0.14

37.8

45.6

44.4

57.6

53.8

76.4

71.4

46.4

59.7

60.8

86.8

89.3

150.2

167.1

The increase in SOC corrected fuel economy is due to the adaptive strategy’s
ability to boost the battery SOC by recapturing the excess energy available due to the
negative grade. Figure 5.3 through Fig. 5.8 show the cumulative fuel consumption and
battery SOC during the HWFET cycle for the various test grades. The solid lines in the
figures represent the PSAT calculations for the adaptive regeneration strategy, and the
dashed lines represent results for the non-adaptive strategy. As expected from Fig. 5.3
through Fig. 5.5, the cumulative fuel consumption for the adaptive regeneration strategy
slowly deviates from that of the non-adaptive strategy. Unlike the cumulative fuel
consumption, the battery SOC of the adaptive regeneration strategy quickly separates
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from the non-adaptive case. At the initial SOC, the adaptive strategy requests a large
amount of regeneration torque, which causes the battery SOC to increase more rapidly.
As the SOC increases, the adaptive strategy reduces the regeneration request slowing the
battery SOC rate of change, as seen from Fig. 5.6 through Fig. 5.8.

Fig. 5.3.

Cumulative Fuel Consumption from PSAT Simulation of Grade Adaptive
Regeneration During HWFET Drive Cycle at -1% Grade.
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Fig. 5.4.

Cumulative Fuel Consumption from PSAT Simulation of Grade Adaptive
Regeneration During HWFET Drive Cycle at -2% Grade.

Fig. 5.5.

Cumulative Fuel Consumption from PSAT Simulation of Grade Adaptive
Regeneration During HWFET Drive Cycle at -3% Grade.
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Fig. 5.6.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
HWFET Drive Cycle at -1% Grade.

Fig. 5.7.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
HWFET Drive Cycle at -2% Grade.
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Fig. 5.8.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
HWFET Drive Cycle at -3% Grade.

Table 5.2 lists the percentage improvements of HEV regeneration, petroleum
based fuel economy, and SOC corrected economy fuel obtained by adapting the HEV
regeneration strategy to each tested grade. During constant grade tests using PSAT it was
shown that the implementation of a grade adaptive regeneration strategy has the potential
to provide substantial improvement in the HEV’s overall regeneration capability. More
importantly, the adaptive regeneration strategy provided an increase in the SOC corrected
fuel economy for all test grades considered.
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Table 5.2.

Grade Adaptive Regeneration Improvements for HWFET Drive Cycle.

Description

0% Grade

-1% Grade

-2% Grade

-3% Grade

Percentage
Change in SOC

0%

14.8%

26.2%

24.5%

Percentage
Improvement in
Fuel Economy

0%

-2.6%

-6.6%

-6.5%

Percentage
Improvement in
SOC Corrected
Fuel Economy

0%

1.8%

2.9%

11.3%

5.2.2. Custom City-Highway Cycle Results for Constant Negative Grade Regeneration
The custom city-highway cycle was developed to show the benefit of the SOC
boost received from the grade adaptive regeneration strategy during the highway portion
of the cycle. As discussed in Chapter 4, the MSU HEV propelling strategy attempts to
maintain an optimal SOC of 65%. In the event that the SOC is higher than the optimal
point, the control strategy will request more torque from the electric motor during
accelerations to return the SOC to its optimal point. The additional torque supplied by the
electric motor helps to reduce the peak torque requested from the engine, which lowers
the peak fuel rate during accelerations. Table 5.3 lists the PSAT predictions for the
custom city-highway drive cycle in adaptive and non-adaptive regeneration modes. Like
the simulation for the HWFET drive cycle, each mode was tested at grades of 0%, -1%,
-2%, and -3%. Similar trends in cumulative fuel consumption, petroleum based fuel
economy, and SOC corrected fuel economy from the HWFET simulation can be
observed in the results from the city-highway simulation.
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Table 5.3.

PSAT Test Results for the Custom City-Highway Cycle Using Constant
Negative Grades.

-1% Grade
NonAdaptive
Adaptive

-2% Grade
NonAdaptive
Adaptive

-3% Grade
NonAdaptive
Adaptive

Description

0%
Grade

Initial SOC

50%

50%

50%

50%

50%

50%

50%

Final SOC
Fuel Used
(gal)
Fuel
Economy
(mi/gal)
SOC
Corrected
Fuel
Economy
(mi/gal)

70.2%

72.2%

74.9%

75.6%

80.7%

79.3%

84.8%

0.31

0.26

0.27

0.22

0.23

0.17

0.18

33.9

39.8

39.4

48.4

46.4

60.5

57.4

40.0

49.7

50.5

67.0

68.2

100.4

103.9

Figure 5.9 through Fig. 5.14 show the cumulative fuel used and battery SOC
during the city-highway cycle for the various test grades. It is observed from Fig. 5.9
through Fig. 5.11 that the cumulative fuel consumption of the adaptive strategy follows
closely to fuel consumption of the non-adaptive strategy during the initial city portion.
The cumulative fuel consumption of the adaptive case does not begin to separate from the
non-adaptive until the simulation reaches the highway portion of the cycle. At this point
of the drive cycle, the adaptive regeneration strategy begins requesting additional torque
for boosting the SOC, as seen in Fig. 5.12 through Fig. 5.14. The battery SOC is
gradually increased to a maximum value at the completion of the highway portion.
During the second city portion of the cycle the excess energy recaptured during the
highway portion is used as assist torque by the electric motor. The addition acceleration
torque provided by the electric motor reduces the cumulative fuel consumption for each
of the adaptive cases over the non-adaptive cases as seen in Fig. 5.15.
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Fig. 5.9.

Fuel Consumptions from PSAT Simulation of Grade Adaptive Regeneration
During Custom City-Highway Drive Cycle at -1% Grade.

Fig. 5.10. Fuel Consumptions from PSAT Simulation of Grade Adaptive Regeneration
During Custom City-Highway Drive Cycle at -2% Grade.
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Fig. 5.11.

Fuel Consumptions from PSAT Simulation of Grade Adaptive Regeneration
During Custom City-Highway Drive Cycle at -3% Grade.

Fig. 5.12.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
Custom City-Highway Drive Cycle at -1% Grade.
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Fig. 5.13.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
Custom City-Highway Drive Cycle at -2% Grade.

Fig. 5.14.

Battery SOC from PSAT Simulation of Grade Adaptive Regeneration During
Custom City-Highway Drive Cycle at -3% Grade.
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Fig. 5.15.

Cumulative Fuel Consumption Results from PSAT During Second City
Portion of the Custom City-Highway Drive Cycle.

Table 5.4 lists the improvements from the grade adaptive regeneration strategy
based on PSAT predictions for the city-highway drive cycle. Like the results from the
HWFET simulation, the use of an adaptive regeneration strategy is predicted to provide a
benefit in SOC corrected fuel economy over all of the grades evaluated. From a
comparison of the information provided in Table 5.4 with Table 5.2, one may note that
there is less change in the state of charge with grade for the Custom City-Highway Drive
Cycle than with the HWFET. This is due to the acceleration transients present in the cityhighway drive cycle; this will later be discussed.
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Table 5.4.

5.3.

Grade Adaptive Regeneration Improvements for Custom City-Highway
Drive Cycle.

Description

0% Grade

-1% Grade

-2% Grade

-3% Grade

Percentage
Change in SOC

0%

12.1%

19.9%

17%

Percentage
Improvement in
Fuel Economy

0%

-1.0%

-4.1%

-5.1%

Percentage
Improvement in
SOC Corrected
Fuel Economy

0%

1.6%

1.8%

3.5%

Integration of Sensing System into MSU HEV
For the purpose of on-road evaluation of the grade adaptive regeneration strategy,

the grade sensing system described in Chapter 4 was implemented on the GCM-565
controller using the MATLAB/Simulink development environment with the MotoHawk
blockset. The placement of the grade sensing system was a critical aspect to the
performance of the system. The ideal placement of the system is as close to the vehicle’s
center of gravity to avoid measurement inaccuracies due to vehicle body roll. For this
study, the grade sensing system was placed inside the vehicle’s cabin beneath the center
console. The tilt sensor was placed parallel to the vehicle’s frame and the gyro was
perpendicular to the frame mounted on a piece of 1-1/2 inch angle iron. The complete
sensing system is mounted to the vehicle’s body using a pair of rubber grommets to help
prevent vibration. Figure 5.16 shows the grade sensing system mounted in the MSU
HEV.
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The tilt sensing system uses the available CAN bus to receive vehicle speed
information from the main HEV controller and send sensed grade information to the main
HEV controller for use in the adaptive regeneration strategy. The CAN message sent
from the tilt sensing system is sent at a rate of 10 Hz. The message sent from the tilt
sensing system uses a 29-bit message identification of 0x910 with a baud rate of 500
kbps using big-endian bit ordering. Table 5.5 lists the CAN message parameters of the tilt
sensing system message 0x910.

Fig. 5.16.

Tilt Sensing System Components Mounted in MSU HEV.
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Table 5.5.

Tilt Sensing System CAN Message Parameters.

Signal Name
Grade Validity
Tilt Temp Validity
Tilt Angle Validity
Tilt Sensor Grade
Tilt Sensor Temp
Stabilized Angle
Stabilized Grade
Tilt Angle
Gyro Reading

5.4.

Start Bit Length
Min
Max
Scale Offset
[MSB]
[bits]
Value Value
63
1
1
0
0
1
62
1
1
0
0
1
61
1
1
0
0
1
55
8
20/255
-10
-10
10
47
8
200/255 -50
-50
150
39
8
40/255
-20
-20
20
31
8
20/255
-10
-10
10
23
8
40/255
-20
-20
20
15
8
180/255 -90
-90
90

Evaluation of Stabilized Angle Calculation
Before the proposed grade-sensing algorithm was used in conjunction with the

adaptive regeneration strategy, it was tested in the vehicle under both static and dynamic
conditions. During the static condition testing, the vehicle was stationary and the
stabilized angle calculation was monitored to ensure that it provided an angle
measurement with little fluctuation. During static testing of the stabilized angle
algorithm, it was observed that the stabilized angle calculation fluctuated by as much as
±0.1. Upon investigation it was determined that the fluctuation was caused by noise
present in the gyro sensor output. To eliminate the noise from being processed by the
stabilized angle calculation, a sensed angle threshold was added to the input conditioning
of the gyro. The threshold value was set to 0.2 such that the calculated rate angle had to
exceed ±0.2 for it to be used in the stabilized angle calculation. Figure 5.17 shows the
output of the stabilized angle calculation with and without the gyro angle threshold. From
Fig. 5.17 it can be seen that the implementation of the rate sensor threshold limited the
sensor fluctuation to less that 0.025.
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Fig. 5.17.

Stabilized Angle Output With and Without Gyro Sensor Threshold.

The tilt sensor compensation response was also tested under static conditions.
This was done by disabling the tilt sensor compensation of the integrated gyro reading.
Without the tilt sensor compensation, the stabilized angle value increased at a linear rate
until it reached the saturated maximum value of 20, as seen in Fig. 5.18. With the
stabilized angle saturated to its maximum value the tilt sensor compensation was enabled,
and the response of the compensation was measured. As seen from Fig. 5.19, the tilt
sensor corrects the stabilized angle output from the systems maximum output value
within 2 s, which corresponds to the desired response of the system.
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Fig. 5.18.

Uncompensated Stabilized Angle Output.

Fig. 5.19.

Angle Compensation Response.
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Tests of the stabilized angle under dynamic conditions were done by driving the
vehicle in both stop-start city conditions as well as steady speed highway conditions. The
calculated stabilized angle as well as the vehicle speed during the dynamic testing of the
stabilized angle is shown in Fig. 5.20. It is important to note that the vehicle acceleration
compensation and rate sensing compensation does filter out most of the inaccuracies in
tilt sensor during acceleration and deceleration. However, the system does not eliminate
all of the inaccuracy in the measurement. This can be seen in Figure 5.20 during the
acceleration and deceleration at approximately 150 s and 170 s of the test. This is because
the gyro provides only a short-term correction that corresponds to body roll of the
vehicle, while the vehicle acceleration only takes into account the acceleration
component and not the true force applied to the sensor based on the weight of the vehicle.
Even though the stabilized angle calculation is temporarily affected by acceleration and
deceleration events, the correction to the actual angle measurement occurs rapidly enough
that when the vehicle stabilizes to a steady speed the angle has settled to the correct
value.
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Fig. 5.20.
5.5.

Stabilized Angle Calculation Output During Dynamic Testing.

On-Road/Chassis Dynamometer Test Results
After the stabilized angle calculation was verified to operate within its bounds

under both static and dynamic conditions, the grade adaptive regeneration strategy was
tested on the vehicle platform under static conditions to verify the predicted simulation
results. A 4-wheel chassis dynamometer was used to verify the functionality of the
adaptive regeneration strategy in the vehicle. The dynamometer was programmed to
simulate a constant grade of -1%, -2%, and -3% for the drive cycles used in the PSAT
simulations. The grade measurement used by the adaptive regeneration strategy was set
constant to the corresponding grade being simulated by the dynamometer. Each of the
selected drive cycles were repeated five times in order to determine the experiment error.
The experimental error was calculated as the standard deviation from the mean value of
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the cumulative fuel consumption and SOC for both of the drive cycles. The results
gathered during chassis dynamometer testing for the HWFET and custom city-highway
drive cycle are presented in the following two sections, respectively.
5.5.1. Chassis Dynamometer Testing of the HWFET
The chassis dynamometer testing for the HWFET was conducted using the same
initial conditions as the PSAT simulations. The initial battery SOC was set to 50% and
the vehicle was restarted at the beginning of each test cycle in order to clear the system
memory. Table 5.6 presents the result collected during chassis dynamometer testing for
the HWFET drive cycle for the various test grades for both adaptive and non-adaptive
cases.

Table 5.6.

Chassis Dynamometer Test Results for HWFET Drive Cycle.

Grade -1%
Description

Grade
0%

Initial SOC

Grade -2%

Grade -3%

NonAdaptive

Adaptive

NonAdaptive

Adaptive

NonAdaptive

Adaptive

50%

50%

50%

50%

50%

50%

50%

Final SOC

68%

69%

71%

70%

78%

71%

80%

Fuel Used
(gal)

0.27

0.24

0.24

0.16

0.17

0.16

0.17

38.0

42.9

43.1

65.3

61.4

65.9

60.2

45.1

52.7

54.3

93.2

101.2

96.6

102.6

Fuel
Economy
(mi/gal)
SOC
Corrected
Fuel
Economy
(mi/gal)

One trend that is identical to the PSAT simulation results is the variation in actual
fuel economy and corrected fuel economy for both tested strategies and for the different
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grades. As predicted from the PSAT results, the actual fuel economy for the adaptive case
is lower than that of the non-adaptive, while the corrected fuel economy during the
adaptive case is higher due to the boost in SOC. Figure 5.21 through Fig. 5.26 show the
cumulative fuel consumption and battery SOC for the various test grades during the
HWFET cycle.
The cumulative fuel consumption and battery SOC for each of the test grades
matches the trend seen from the PSAT simulations. The major deviation of results is the
magnitude of the give values. The nature of the PSAT simulation tends to overestimate
the braking and propelling contribution provided by the electric motor. For this reason the
PSAT simulation are used only to establish an understanding of the trends and effects of
a change in the HEV control strategy.
For the dynamometer test using the -1% grade, the cumulative fuel consumption
during the HWFET for the adaptive regeneration strategy was lower than the nonadaptive strategy throughout the majority of the drive cycle, as seen in Fig. 5.21. As
observed from Fig. 5.22 and Fig. 5.23, the cumulative fuel consumption for the -2% and
-3% test grades followed the trend predicted by the PSAT simulation results. Figure 5.24
through Fig. 5.26 show the battery SOC during the dynamometer tests of the HWFET
drive cycle for the various grades. From these figures, it is observed that the adaptation to
the simulated negative grade by the dynamometer produces an increase in SOC as
predicted by the PSAT simulations. An important observation to be noted from each to
these figures is the asymptotic approach to a maximum charging limit for the simulated
grade. This behavior is illustrated by the increased amount of time spent at a given SOC
value throughout the drive cycle.
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Fig. 5.21.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During HWFET at -1% Grade.

5.22.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During HWFET at -2% Grade.

Fig.
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Fig. 5.23.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During HWFET at -3% Grade.

Fig. 5.24.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During HWFET at -1% Grade.
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Fig. 5.25.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During HWFET at -2% Grade.

Fig. 5.26.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During HWFET at -3% Grade.
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Table 5.7 lists the percentage improvements in HEV regeneration, actual fuel
economy, and corrected fuel economy during dynamometer tests for the HWFET drive
cycle. It can be seen that an improvement in SOC corrected fuel economy was achieved
from the additional energy recaptured using the adaptive regeneration strategy. While
there was an improvement in actual fuel economy recorded during the -1% grade test, the
improvements fell within the range of experimental uncertainty of ±1.2%. However, the
change in SOC was well above the calculated error margin making the overall
improvement to SOC corrected fuel economy statistically valid.

Table 5.7.

Improvements of Grade Adaptive Regeneration of Chassis Dynamometer
Tests for HWFET Drive Cycle.

Description

0%
Grade

-1% Grade

-2% Grade

-3% Grade

Percentage
Change in SOC

0%

10.5% ± 1.4%

40.0% ± 1.4%

42.8% ± 1.4%

Percentage
Improvement in
Fuel Economy

0%

0.5% ± 0.4%

-6.0% ± 0.4%

-8.7% ± 0.4%

Percentage
Improvement in
SOC Corrected
Fuel Economy

0%

3.0%± 1.5%

8.6%± 1.5%

6.2%± 1.5%

5.5.2. Chassis Dynamometer Test Results for Custom City-Highway Drive Cycle
Chassis dynamometer tests of the grade adaptive regeneration strategy during the
custom city-highway drive cycle was conducted identically to that of the HWFET test
procedure. Table 5.8 lists results gathered during dynamometer tests for the custom cityhighway drive cycle.
71

Table 5.8.

Chassis Dynamometer Test Results During Custom City-Highway Drive
Cycle.

Grade -1%
Description

Grade
0%

Initial SOC

Grade -2%

Grade -3%

NonAdaptive

Adaptive

NonAdaptive

Adaptive

NonAdaptive

Adaptive

50%

50%

50%

50%

50%

50%

50%

Final SOC

64%

66%

67%

67%

71%

68%

72%

Fuel Used (gal)

0.31

0.27

0.28

0.23

0.25

0.19

0.21

Fuel Economy
(mi/gal)

35.2

39.9

38.9

46.1

43.7

55.8

50.9

SOC Corrected
Fuel Economy
(mi/gal)

39.5

46.4

45.5

55.7

54.8

71.6

67.5

Similar to the predictions provided by the PSAT simulation, the actual fuel usage
with the adaptive regeneration strategy is lower than with the non-adaptive strategy.
Unlike the simulation results, the corrected fuel economy for the adaptive case is also
lower than the non-adaptive case. This is due to excessively loading the engine during the
low speed cruising portion of each of the city sections of the combined drive cycle.
Because PSAT overestimates the recapture ability of the electric motor, the battery SOC
during each of the city portions increased at a rate that provided a benefit to the final
corrected fuel economy.
Figure 5.27 through Fig. 5.32 show the cumulative fuel consumption and battery
SOC for the various grades during the custom city-highway drive cycle. As seen from the
plot of battery SOC, the SOC for the adaptive regeneration test case begins to deviate
from the non-adaptive case during the highway portion of the drive cycle. This is because
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the adaptive regeneration strategy is designed to capture the majority of its energy during
high-speed highway conditions.

Fig. 5.27.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During City-Highway Cycle at -1% Grade.
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Fig. 5.28.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During City-Highway Cycle at -2% Grade.

Fig. 5.29.

Cumulative Fuel Consumption Results from Dynamometer Tests for Grade
Adaptive Regeneration During City-Highway Cycle at -3% Grade.
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Fig. 5.30.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During City-Highway Cycle at -1% Grade.

Fig. 5.31.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During City-Highway Cycle at -2% Grade.
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Fig. 5.32.

Battery SOC Results from Dynamometer Tests for Grade Adaptive
Regeneration During City-Highway Cycle at -3% Grade.

Table 5.9 summarizes the overall efficiency improvements from the
implementation of the grade adaptive regeneration strategy for the custom city-highway
drive cycle. The excessive loading placed on the engine during the city portion of the
drive cycle causes a drop in both the actual and corrected fuel economy. While there was
an increases in HEV regeneration, its contribution was not enough to offset the additional
fuel used due to the excessive loading during low-speed city cruising.
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Table 5.9.

Improvements of Grade Adaptive Regeneration of Chassis Dynamometer
Tests for Custom City-Highway Drive Cycle.

Description

0%
Grade

-1% Grade

-2% Grade

-3% Grade

Percentage
Change in SOC

0%

6.3% ± 0.7%

23.5% ± 0.7%

22.2% ± 0.7%

Percentage
Improvement in
Fuel Economy

0%

-2.5% ± 1.2%

-5.2% ± 1.2%

-8.7% ± 1.2%

Percentage
Improvement in
SOC Corrected
Fuel Economy

0%

-1.9% ± 0.9%

-1.6% ± 0.9%

-5.7% ± 0.9%

5.5.3. On-Road Highway Tests
Having separately verified the operation of the stabilized angle calculation and
adaptive regeneration strategy, the complete system was tested during dynamic
conditions over the road. The test began at the junction of Mississippi Highway 12 and
US Route 82 and traveled west bound for 17.5 miles. The test cycle was repeated five
times using the non-adaptive regeneration strategy to determine experimental error
margin followed by individual tests to evaluate the adaptive and non-adaptive control
strategy under dynamic conditions. Similar to the dynamometer tests, the initial battery
SOC was lowered to 50% and the vehicle was restarted at the beginning of each cycle.
Table 5.10 lists the results gathered during the on-road test.

77

Table 5.10.

On-Road Test Results.

Description
Initial SOC
Final SOC
Fuel Used
(gal)
Fuel Economy
(mi/gal)
SOC
Corrected Fuel
Economy
(mi/gal)

NonAdaptive
50%
71%

Adaptive
50%
76%

0.39

0.37

45.1

46.8

51.7

55.9

Unlike the results predicted by PSAT and received during dynamometer tests, the
adaptive regeneration during the driving tests provided an increase in both the actual and
corrected fuel economy values. This is thought to occur because of the driver’s
fluctuation of the accelerator pedal due to the change in grade and the interpretation of
this fluctuation as an acceleration by the control strategy. The boost in SOC received by
using the grade adaptive regeneration forces the HEV control strategy to provide more
electric motor assist to return the SOC to its optimal point. This means that the
fluctuation in the pedal caused by the up and down hill travel of the vehicle cause the
HEV control strategy to request more power to be supplied by the electric motor helping
to reduce the fuel consumption of the vehicle. Figures 5.33 and Fig. 5.34 show the
measured grade used by the MSU adaptive regeneration strategy and the vehicle speed
during the on-road tests. The measured grade during on-road testing was relatively small
and slightly negative for the majority of the drive cycle.
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Fig. 5.33.

Stabilized Grade Measurement During On-Road Testing.

Fig. 5.34. Vehicle Speed During On-Road Testing.
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Figure 5.35 and Figure 5.36 show the cumulative fuel consumption and battery
SOC for both the adaptive and non-adaptive test case. The deviation in cumulative fuel
consumption between the adaptive and non-adaptive test case occurs around the 500 s
point of the drive cycle. At this point, the adaptive regeneration strategy has reached its
optimal SOC point based on the magnitude of the negative grade of the drive cycle. With
the SOC at 70%, the small fluctuation in vehicle speed causes the HEV controller to
command the electric motor to provide a small amount of acceleration assist helping to
level the engine load. This indirect load leveling helps to reduce the overall fuel
consumption during the test procedure. Table 5.11 lists the improvements made to the
MSU HEV during on-road tests by implementing the grade adaptive regeneration
strategy. It can be seen from Table 5.11 that the adaptive regeneration system provides a
benefit for both the actual and SOC corrected fuel economy values during on-road
dynamic tests.
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Fig. 5.35.

Cumulative Fuel Consumption Results During On-Road Testing.

Fig. 5.36.

Battery SOC Results During On-Road Testing.
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Table 5.11.

Improvements of Grade Adaptive Regeneration During On-Road Tests.

Description

On-Road

Percentage
Change in SOC

7.0% ± 0.7%

Percentage
Improvement in
Fuel Economy

3.8% ± 1.4%

Percentage
Improvement in
SOC Corrected
Fuel Economy

8.3% ± 2.0%
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1.

Conclusions
This thesis presented the development and validation of the grade sensing system

and grade adaptive regeneration strategy designed for the MSU HEV. The evaluation of
the grade adaptive regeneration system was conducted in four phases.
•

Implementation and tests of the grade adaptive regeneration strategy using the
Powertrain Simulation and Analysis Toolkit (PSAT)

•

Tests of the calculation of the stabilized angle provided by the grade sensing
system under both static and dynamic conditions

•

Integration of the grade adaptive regeneration strategy into HEV controller and
static test of the integrated strategy using a 4-wheel chassis dynamometer

•

Validation of the complete grade adaptive system during dynamic on-road test
Results from PSAT simulation during the first phase of testing predicted

improvements in corrected fuel economy of 1.8%, 2.9%, and 11.3% during the HWFET
and 1.6%, 1.8%, and 3.5% during the custom city-highway drive cycles for each of the
test grades considered. In the second phase, the grade sensing system was mounted into
the MSU HEV and evaluated under both static and dynamic conditions. For static tests,
the vehicle was held stationary while the tilt sensor compensation, system response, and
stabilized angle calculation were evaluated. After the system was validated under the
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static conditions, the vehicle was driven for a short period to evaluate the sensing
system’s ability to provide a stabilized grade measurement during dynamic conditions.
During the third phase of development, the grade adaptive regeneration strategy
was validated in the MSU HEV using the 4-wheel ac chassis dynamometer. During
dynamometer testing, the desired negative grade of the road was set constant on both the
HEV controller and the dynamometer. The same test cycles used for PSAT simulation
were used during dynamometer testing. The corrected fuel economy improvements for
the HWFET drive cycle was seen to match closely to the PSAT predication of 3%, 8.6%,
and 6.2% for the grades of -1%, -2%, and -3%, respectively The improvements of
corrected fuel economy during the custom city-highway cycle were measured to be
-1.9%, -1.6%, and -5.7%. This loss in fuel economy was due to an excess amount of
adaptive regeneration torque applied during the steady-state low-speed city portions of
the drive cycle.
The final phase of development involved integrating both the sensing system and
grade adaptive regeneration strategy into the HEV controller and evaluating the
completed system under dynamic conditions. During the final phase of tests, it was seen
that the implementation of the grade adaptive system into the MSU HEV provides an
8.3% improvement in SOC corrected fuel economy as well as providing a 3.8%
improvement in actual fuel economy during the dynamic grade conditions for the
representative route selected. The increase seen in the actual fuel economy is related to
the additional high-speed acceleration torque command by the HEV control strategy due
to the additional energy recaptured from grade adaptation. Overall, the developed control
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strategy meets the requirements of increasing the corrected fuel economy value through
the recapture of additional energy available based on the road grade.

6.2.

Recommendations for Future Work
Due to the limited amount of on-road data collected, it is difficult to realize the

overall impact of the grade adaptive regeneration strategy. Simulation of the HWFET
drive cycle predicts a loss in actual fuel economy due to the implementation of the grade
adaptive strategy. However, results gathered from dynamometer tests at -1% grade and
during the light grades present in the on-road tests provide evidence towards the potential
increase in both actual and SOC corrected fuel economy. For this reason, additional
research in the area of grade adaptive regeneration needs to be conducted to fully
understand its benefit.
In the developed HEV grade adaptive regeneration strategy, little focus was
placed on tuning of the adaptive regeneration torque request to provide benefit over all
driving conditions. The focus of this study was to provide an increase in corrected fuel
economy by boosting the battery SOC during highway cruising while traveling over
negative grades. Reducing the regeneration torque requests at speeds where engine load
is already high, for example during low-speed city cruising, may prove to benefit the
energy capture ability of the system while minimizing the total petroleum fuel
consumption. In addition to the previous recommendation, the implementation of realtime engine load monitoring for determination of an optimized regeneration torque under
all driving conditions could help further increase the systems benefit.
Outside of improvements to the system presented in this study, grade sensing in
real-time could be used as a method to optimizing current automotive cruise control
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systems. The controller’s knowledge of the grade could be used to smooth the
throttle/torque request sent to the ECU to eliminate the presence of acceleration
enrichment events. Additionally, the integration of a grade sensing system could help to
improve drive quality by applying a calculated amount of positive starting torque when
the system senses a positive grade while the vehicle is stationary. This would prevent
vehicle roll back during the transition from braking to acceleration, preventing driver
startle and increasing driver safety.
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APPENDIX A
CALCULATIONS FOR STATE OF CHARGE CORRECTION AND
GASOLINE EQUIVALENT FUEL ECONOMY
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The operational cost of an HEV in any driving scenario can be expressed as the
sum of the cost of fossil fuel (B20 bio-diesel for the MSU HEV) consumed by the engine
and the cost of electricity consumed by the electric machine during a unit time interval.
When there is a difference in the amount of charge moving in and out of the battery, the
SOC of the battery at the end of the drive cycle will be different from that at the start of
the drive cycle. The change in SOC ( SOC) is accounted based on the equivalent amount
of fossil fuel it represents. The term

SOC could represent either depletion or

enhancement of the battery SOC, and in either case the SOC needs to be restored to its
initial SOC level while calculating the fuel economy of the HEV.
This is done by calculating a

SOC-equivalent of fossil fuel energy. This

equivalent energy is a hypothetical energy and its computation involves energy
conversion efficiencies of the engine, the electric machine and the battery along with
temperature-related performance factors. It is not straightforward to account for
inefficiencies due to exchanging electrical energy with the battery pack. In this document,
the conversion from the fossil fuel energy to electrical energy is assumed to occur at a
fixed efficiency of 25%. Also, the open circuit voltage (VOC) of a battery pack is a
function of the SOC and this function is expected to remain the same during the battery
lifetime. However, other critical battery characteristics like the battery capacity change
with time and operating temperature thereby affecting the VOC estimation [28]. With a
view to simplify calculations, the VOC for this battery pack is assumed to equal a nominal
value of 330 V.
The procedure adopted for calculation of different SOC-corrected fuel economies
of the MSU HEV is discussed below. This is based on the method adopted at the cX
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competition [29]. Definitions of the variables used have been listed in the List of
Symbols. Values of the constants used are given below. It is assumed that battery power
is negative for discharging and positive for charging.
EB20 = Specific energy content of bio-diesel (B20) = 127,259 BTU/gal
C = Capacity of the JCI NiMh battery pack = 7 A-h
VNOC = Nominal open circuit voltage of the battery pack = 330 V
CON = Cumulative conversion efficiency = 25%
The simple fuel economy of the HEV is given as the ratio of distance traveled to the
amount of B20 bio-diesel used.
B 20 FuelEconomy (mi gal ) =

d

γ

(A.1)

The difference in electrical energy levels (kW-h) of the battery pack due to any
change in final and initial SOC (A-h) of the battery pack is then computed. A negative
difference indicates that the SOC at the end of the cycle is less than the initial SOC.
ΔSOC ( Ah ) =

ΔSOC (kWh) =

(λ − β ) * C
100

ΔSOC ( Ah ) * V NOC
1000

(A.2)

(A.3)

Assuming a conversion efficiency of 25%, the change in electrical energy (kW-h) is
converted to the corresponding heating value or energy content of the fossil fuel (BTU),
i.e. B20 bio-diesel, using the conversion ratio of 1 kWh is equal to 3412 BTU. This value
indicates how much fossil fuel must be expended to account for the difference in SOC of
the battery pack.
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E IN (BTU ) = −

ΔSOC (kWh )

η CON

* 3412

(A.4)

The heating value of B20 bio-diesel actually used by the engine is then computed.
EOUT (BTU ) = E B 20 * γ

(A.5)

The cumulative energy content of the fossil fuel used by the HEV is then divided by the
distance traveled to determine the energy consumption per mile traveled while
simultaneously maintaining a constant SOC.

ECUM (BTU mi ) =

E IN (BTU ) + EOUT (BTU )
d

(A.6)

Knowing the specific energy content of B20 bio-diesel, the SOC corrected fuel economy
of the HEV can be computed as follows.

SOC _ Corrected _ B 20 FuelEconomy (mi gal ) =
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E B20 (BTU gal )
ECUM (BTU mi )

(A.7)

